to Ordovician black shales and evaporite layers (Bossart et al., 1988) .
The history of Kashmir shows that the region, in common with the entire Himalaya, regularly experiences moderate earthquakes, but infrequently damaging ones (Fig. 2 ). An especially long historical record of earthquakes is available because of the stability of the administrative center at Srinagar. Additional early data have been obtained from Urdu and Arabic histories . Earthquakes of various degrees of severity were felt in Srinagar in 883, 1123 883, , 1501 883, , 1555 883, , 1669 883, , 1736 883, , 1779 883, , and 1784 883, (Iyengar et al., 1999 . More recent earthquakes in 1828 (Vigne, 1842) , 1885 (Jones, 1885a (Jones, , 1885b Lawrence, 1895) , and 1974 (Jackson and Yielding, 1983) are well described, but only for the last two are the construction of isoseismal maps possible. The September 1555 earthquake damaged a 200-km-long region from near Srinagar to the southeast and has been assigned Ms = 7.6 (Ambraseys and Douglas, 2004) . The inferred rupture zone based on these accounts is at least twice as long as the 2005 event, but low historical population density in the Pir Panjal produces uncertainty about the southeast extent of the 1555 rupture. Either a signifi cant seismic gap persists to its southeast or the 1555 earthquake may have been Mw ≥ 8.
OBSERVATIONS
The NEIC (National Earthquake Information Center), USGS (U.S. Geological Survey), and Harvard CMT (Centroid-Moment Tensor) solutions for the 8 October 2005 Kashmir event indicate a NW-SE-striking rupture plane, with dips ranging from 29° to 40°. Waveform inversions by Parsons et al. (2006) and Avouac et al. (2006) give strike, dip, and rake of 331°, 31°, and 108°, and 325°, 29°, and 110° respectively. SAR (synthetic aperture radar) inversion indicates rupture on an 80-km-long fault of strike 321.5° and dip 31.5° (Pathier et al., 2006) , with maximum slip near Balakot, as in the Parsons et al. (2006) solution. The main rupture reaches the surface in several places. Additional, primarily vertical, displacement is observed beyond the northwest end of the main rupture (Pathier et al., 2006) .
The moment release in aftershocks is only a few percent of that released by the main shock, but their location and number indicate a complexity inconsistent with a planar rupture or even the slightly concave-NE rupture of Avouac et al. (2006) . More than 75% of the aftershocks occur in a cluster ~30 km southwest of the strike of the main rupture, along a more westerly trend within the Indus-Kohistan seismic zone (Seeber et al., 1980) (Fig. 3) ter with suffi cient moment for depth and focal mechanism inversions indicate slip on a plane with dip comparable to the main rupture plane, but much shallower than the hypocenter of the main shock (Fig. 4) .
A sparse array of geodetic monuments was installed and measured in June 2001 in the epicentral region (Fig. 2) and remeasured in October and November 2005, beginning three weeks after the main rupture. Because preseismic observations of these points were made at only one epoch, we are able to calculate only the total displacement of the points over the period [2001] [2002] [2003] [2004] [2005] . We assume that this sparse displacement fi eld is dominated by the coseismic signal, and model it, below, solely with instantaneous slip on a set of elastic dislocations whose geometry is constrained by the focal mechanisms, seismic waveform inversions, and aftershock observations. Geodetic GPS data were logged at 30 s intervals during both 2001 and 2005 (Table 1) , using Trimble 5700 receivers and Trimble Zephyr Geodetic antennas. These data were processed at the University of Montana, using GAMIT/ GLOBK (Herring, 2002) . Additional IGS (International GNSS Service) stations were added to the regional network, as were two stations in Ladakh, India. We calculated fi nal velocity solutions in the ITRF00 reference frame by including position and velocity data for the entire IGS network from SOPAC (Scripps Orbital and Permanent Array Center). We also calculated the velocity of sites in Pakistan relative to Ladakh by estimating an angular velocity vector between ITRF00 and the Ladakh sites. This velocity solution agrees with a frame-independent scalar estimate of shortening between Peshawar and Ladakh, calculated by fi tting a linear trend to the time series of baseline length between Peshawar and Ladakh. Uncertainties in position and velocity refl ect the scatter in daily solutions about the best-fi t values, as well as a random-walk component. We calculated the displacement vectors for sites within 150 km of the 8 October 2005 epicenter by solving for the preseismicpostseismic baseline components. We assume in the following models that this baseline represents instantaneous surface displacement caused by subsurface rupture. Table 1 provides the position, velocity (in several reference frames), and horizontal coseismic displacement vectors for all sites with preand postseismic observations. Stations within 150 km of the epicenter have only coseismic displacement estimates; stations beyond that radius have only velocity estimates.
The largest coseismic displacement, 25.9 ± 0.7 cm (all uncertainties are 1σ), occurred at Chatter Plain (CHAP) at 34.62°N, 73.11°E. This site is 44 km from the reported Harvard CMT epicenter at 34.36°N, 73.47°E. CHAP is also 36 km from Balakot, the site of maximum slip in the SAR inversion (Pathier et al., 2006) . Displacement of 19.1 ± 0.4 cm occurred at Kantla village (KHAG) near Taxila, 85 km nearly due south of the epicenter. Signifi cant displacement, 7 ± 0.7 cm, was also recorded at Pattan (PATA), north of the epicenter, close to the trace of the 1974 Pattan earthquake (Fig. 4) .
The velocity of Peshawar relative to Ladakh, India, is 9.8 ± 1.3 mm/yr, with a component of 8.6 ± 2 mm/yr normal to Himalayan thrusts striking ~330°. This convergent component of velocity agrees with the rate of baseline shortening between Peshawar and Hanle, Ladakh, of 6.2 ± 1.5 mm/yr (1σ) from the daily baseline length time series. There is therefore very little shear in the western Himalaya, despite the obliquity of the range to the India-Asia convergence direction.
KINEMATIC MODEL
While planar dislocation models such as those from waveform or radar inversions Avouac et al., 2006; Pathier et al., 2006) are consistent with coseismic GPS displacements at CHAP and KHAG, we are unable to reproduce even the sign of observed displacement at PATA, or explain the unusual distribution of aftershocks with this simple dislocation geometry (Fig. 4) . A fault model combining the main rupture with a wedge thrust based on historical regional seismicity (Seeber and Armbruster, 1979) , aftershock distributions, and aftershock focal mechanisms is successful in emulating slip at all three geodetic sites (Fig. 4) . Most of the moment in this preferred rupture model is released as ~5.1 m mean slip on the observed surface fault between Bagh and Balakot, with an additional 1.8 m of slip on the dipping plane of the wedge thrust in the northwest, and centimeters of slip on parts of the weak, fl at-roof décollement. The presence of a wedge thrust is consistent with SAR observations of predominantly vertical displacement northwest of Balakot (Fig. 1) (Pathier et al., 2006) . Dislocation parameters for the preferred model are given in Table 2 , and the locations of dipping and fl at dislocations are shown in Figure 4 . As in analog and numerical models of wedge thrusts (Couzens-Schultz et al., 2003; Beaumont et al., 2000) slip on the fl at-roof décollement occurs in the opposite direction to slip on the dipping part of the wedge, and the magnitude of slip varies in space on the fl at as the weak horizon slips in response only to the local stress.
The combination of décollement and reverse slip required by satisfactory models is extremely nonunique since the solution is undetermined by the surface displacement fi eld alone (three vectors cannot constrain three to four planes, each with nine unknowns). However, because we have included a priori geometric constraints from other seismic and geodetic observations to build the model geometry, the GPS displacements are only used to constrain the magnitude of the slip vector. We cannot reproduce the direction of displacement at Pattan without either the wedge décolle-ment (Seeber and Armbruster, 1979) or another undocumented fault to the northwest.
Coulomb stress (Toda et al., 1998) resulting from this rupture confi guration is large and positive (for NE-dipping reverse slip) in a region southeast of the rupture. The postseismic Coulomb stress northwest of the rupture is much smaller in magnitude, although still positive. All models of the 8 October 2005 rupture predict large positive Coulomb stress changes to the southeast , in a region that has not hosted a large rupture since 1555. 
DISCUSSION
The 8 inferred weak horizontal sedimentary stratum, stress from the buried rupture produced slip on a roof décollement. Subsequent aftershocks are confi ned to the main rupture area and the dipping part of the wedge thrust.
Wedge thrusts are common in convergent continental settings but have not previously been recognized in coseismic geodetic data. The presence of complex fault geometry allows additional free parameters in models, such that horizontal surface displacements do not uniquely constrain dislocation geometry at depth, refuting a common assumption in tectonic geodesy. However, a combination of vertical and horizontal geodesy with independent seismic or structural data can provide suffi cient constraint on the geometry of the two surfaces of the wedge.
Overall, interseismic strain accumulation in this region is dominated by compression normal to these regional thrusts, and therefore radial to the Himalayan arc, at 7-8 mm/yr. Very little shear appears to accumulate between the Peshawar basin and the Karakorum Range, supporting suggestions that the dominant regime in the western syntaxis is SW-NE-shortening, rather than right-lateral shear. Convergence rates in the western syntaxis are at least a factor of two smaller than in the central arc (e.g., Zhang et al., 2004) Flat N of wedge
